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Abstract. The gating mechanism of A-channels of Lym-
nagea neurons and the effect of tetraethylammonium
(TEA) on these channels were studied using macroscopic
recording techniques. Along with the fast-inactivating
A-current (/,;) described earlier we found a slow-
inactivating A-current (/) in some neurons of the vis-
ceral ganglion. Both currents have revealed similar ac-
tivation kinetics, but differ in the inactivation kinetics
and mechanisms. The inactivation kinetics of /,, were
satisfactorily described by a sum of two exponentials
with rate constants (1) of 28 s™' and 4.5 s at V =20
mV. Intracellular TEA reduced the peak amplitudes of
L and I, and slowed the rate of the fast phase of inac-
tivation of I;. This resulted in a crossover of the current
traces in the presence and absence of TEA, as though it
competes with the binding of the inactivating particle.
The mechanism of the fast phase of inactivation of 1, is
similar to that of fast inactivation of the Shaker K* chan-
nels which appears to be due to a ball-and-chain mech-
anism. The slow phases of inactivation of I and I,
reveal properties characteristic of C-type inactivation
shown in Shaker K* channels. A partially coupled
model including three pathways for transition of a chan-
nel from the closed to open states accurately reproduces
all of the experimental data. It has voltage-independent
transitions to the inactivation states indicating that inac-
tivation of A-current is not associated with charge move-
ment through the membrane. The results suggest that
Lymnaea A-channels seem to be heteromultimeric.
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Introduction

The fast-inactivating A-current (/) in Lymnaea neurons
has been described earlier in great detail (Alekseev &
Zaykin, 1993). This current decays with multiple expo-
nential components suggesting multiple inactivation pro-
cesses. At a potential range from —90 to —-60 mV, I,; can
undergo slow inactivation from the closed states of the
channel. The fast phase of inactivation shows a complex
voltage dependence which can not be described by the
known kinetic schemes developed for modeling of inac-
tivation of the fast potassium channels (Solc & Aldrich,
1990; Zagotta & Aldrich, 1990; Hoshi, Zagotta, & Al-
drich, 1991). In many other instances I reveals prop-
erties similar to those of the Shaker potassium currents
(Hoshi et al., 1991).

Using site-directed mutagenesis, Hoshi, Zagotta, &
Aldrich (1990), Zagotta, Hoshi, & Aldrich (1990), and
Hoshi et al. (1991) have shown that the fast (N-type) and
slow (C-type) components of inactivation of the Shaker
K" channels are caused by two distinct molecular mech-
anisms. N-type inactivation involves the amino terminus
of the channel protein in a ‘‘ball-and-chain’’ type of
arrangement initially proposed by Armstrong and Beza-
nilla (Armstrong & Bezanilla, 1977; Bezanilla & Arm-
strong, 1977); and later this mechanism was directly con-
firmed in the experiments with Shaker K* channels
(Hoshi et al., 1990; Zagotta et al., 1990). C-type inacti-
vation occurs in channels that have N-type inactivation
disrupted, and does not use a ball-and-chain mechanism
(Hoshi et al., 1991). Tetraethylammonium (TEA), a
well-known blocker of potassium channels (Armstrong
& Binstock, 1965; Armstrong & Hille, 1972), interacts in
a specific way with the inactivation gates. It produces a
substantial slowing of the fast inactivation due to com-
petition with the inactivation particle (‘‘ball’’) for bind-
ing to the same site at the inner mouth of the channel
(Choi, Aldrich, & Yellen, 1991). Lately TEA has been



328

widely used for identifying amino acids which make up
the inner wall of the pore (Yellen et al., 1991; Choi et al.,
1993).

The main aim of this study was to develop a quan-
titative model of Lymnaea A-channels describing com-
plex inactivation kinetics of the macroscopic currents.
As the potential dependence of inactivation in Shaker K*
channels results from that of activation (Zagotta & Al-
drich, 1990) we first investigated the activation kinetics
and the effects of Ca®" and H* on these kinetics. The
model was then tested to see if the changes in only the
activation parameters could reproduce the effects of Ca®"
and H* on the inactivation kinetics. To identify the in-
activation mechanisms similar to N-type inactivation, we
used TEA specifically interacting with the fast inactiva-
tion gate. Along with the fast-inactivating current, I,
described earlier (Alekseev & Zaykin, 1993), we have
also found a slow-inactivating current, /,, in the giant
neurons of the visceral ganglion. A comparative analysis
of the activation parameters of the fast- and slow-
inactivating currents shows that both types of currents
are activated in a similar way. The results of experi-
ments with TEA are consistent with the suggestion of
different mechanisms underlying inactivation of A-cur-
rents. A model was derived for activation and inactiva-
tion gating based on the studies of macroscopic kinetics.
It includes three opening pathways for a channel. The
voltage-dependent transitions between these pathways
determine the complex voltage dependence of the fast
phase of inactivation.

Materials and Methods

Pronase and tris(hydroxymethyl)aminomethane (TRIS) were obtained
from Sigma Chemical (St. Louis, MO), and tetraethylammonium chlo-
ride was obtained from Aldrich Chemical (Milwaukee, WI).

The experiments were performed on internally perfused neurons
from the right and left parietal and visceral ganglia of Lymnaea stag-
nalis maintained at 20-22°C. The methods employed for isolation of
neurons, for intracellular perfusion, current identification, and curve
fitting followed those described in detail elsewhere (Alekseev, 1992).

Macroscopic currents were recorded using a whole-cell voltage-
clamp technique (Alekseev, 1992). A polythene pipette with a pore of
40-50 wm in diameter served as a suction electrode, Series resistance,
R,, formed mainly by the ohmic resistance of the pore was 100-120
kQ. It was partially compensated electronically. For the current am-
plitudes in these experiments, voltage errors due to R, did not exceed
a few millivolts. A new level of the membrane potential could be
achieved in 100-150 psec (estimated from the potential settling time).

To isolate A-currents from Na*-current, NaCl was omitted from
the external solutions. Twenty mM TEA was added to depress both the
delayed rectified and Ca**-activated K* currents. Separation of A-cur-
rents from the remaining currents, including capacitive transient cur-
rents and leakage currents, was done by subtracting traces recorded
without prepulses of —150 mV (Alekseev, 1992). The inactivation ki-
netics at subthreshold potentials (from —100 to —60 mV) were obtained
by using a double-pulse method, i.e., the decay of the peak current was
measured following a test pulse as a function of the preceding condi-
tioning pulse duration.
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Table 1. Composition of the external solutions (mm)

Solution KCl1 CaCl, MgCl, TEA TRIS pH
N1 1.6 2 4 0 76 7.5
N2 1.6 2 4 20 56 7.5
N3 1.6 2 16 20 32 7.5
N4 1.6 16 2 20 32 7.5
N5 1.6 2 4 20 66 7.5

In most of the experiments, the internal standard solution con-
tained 80 mm KCl and 10 mm TRIS-HCI (pH 7.3). In experiments with
TEA, the internal control solution with 80 mm KCl and 20 mm TRIS-HCI
(pH 7.3) was replaced with a solution containing 20 mm TEA, 80 mM
KCl and 2 mm TRIS-HCI (pH 7.3). The compositions of the external
solutions are given in Table 1. In a study of the calcium and magne-
sium effects, the sum of the concentrations of these ions in the external
solution was kept constant (solutions N3 and N4). TEA was added to
all the solutions to decrease the possible contamination of A-currents
with the delayed potassium current.

Results

Two Types oF A-CURRENTS

The fast-inactivating A-current in Lymnaea neurons has
already been described in literature (Alekseev, 1992;
Alekseev & Zaykin, 1993). The inactivation kinetics of
this current were described by a sum of three exponen-
tials with rate constants (t) of ¥, =80 s,y =305,
¥;=5s""at V=0mV. Figure 1A shows the records of
the current at different potentials. Similar A-currents are
usually recorded in most neurons of the right and left
parietal ganglia.

The slow-inactivating A-current occurred in several
giant neurons of the visceral ganglion but never in the
right and left parietal ganglia. It was found to have a
much smaller amplitude than that of the fast-inactivating
current for any given voltage (Fig. 1B). The inactivation
kinetics of I, can be adequately described as the sum of
two exponentials. Figure 2 shows the rate constants over
a wide range of voltage (from —90 to +40 mV). From
—40 to +40 mV, inactivation rate of I, has little depen-
dence on voltage. The steady-state inactivation (V,=-98
+5mV, d=6.2%02mV) and time course of removal
from inactivation (y, = 15 s™" at V = —120 mV) of I,
closely resemble those of I,

It is suspected that the different phases of inactiva-
tion of I may be resulting from individual inactivation
of two completely different channels. To check this, we
carried out the following experiment. First, a test pulse
of 0 mV was applied to the membrane for 100 msec to
complete fast inactivation. At the end of the pulse we
observed only a slow-inactivating current of smali am-
plitude. Then the membrane potential was changed to



37 nA

S.I. Alekseev and M.C. Ziskin: Two Types of A-Channels

329
B 4 A .‘ °
< ~40 mvV 0
© iy :
s;& .
.
Y\'-. .
L . :3.-1 :-Lj‘j'--'_'l L o
0 200 0
< .._, -20 mv T
<« 4 N
N\
) \“""‘-‘-\\.w.a.:, -
0 100 200
-
T
‘é omv 0
g i N
§
L L It L L 1 1 ———— ]
0 100 200
: 9i: <
- +20 mvV <
3 @
; ©
L
0 100 200 0 200
Time, ms

Time, ms

Fig. 1. Fast-inactivating (A) and slow-inactivating (B) A-currents in response to step depolarizations indicated with preceding hyperpolarizing

and scheme 7 (B traces). [,; and I, records were obtained in external solution N2.

pulses of 200 msec duration to —150 mV. Superimposed traces show the computer-drawn currents generated from the kinetic scheme 6 (A traces)
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Fig. 2. Rate constants (1°!) of slow-inactivating A-current as a func-
tion of voltage. Rate constants, 1 and 2, were calculated using a two-
exponential fit to the inactivation kinetics. I, records were made in
external solution N2.

~75 mV for 40 msec and brought back to 0 mV. In this
case, we again observed a current with the same ampli-
tude as before but containing the fast and slow phases of
inactivation. In a preliminary experiment, no removal
from inactivation of I,; was found for 40 msec at =75
mV. This means that the channels remaining in the open
state after fast inactivation demonstrate the same ability
for inactivation as those already inactivated. Hence, in
the studied neurons mainly one type of channel displays
both phases of inactivation of I,

AcTivatioN KINETICS

The great difference between the rates of activation and
inactivation allows one to calculate accurately the pa-
rameters of inactivation kinetics h(#). Earlier the activa-
tion kinetics of a sodium channel were derived by divid-
ing the measured current values by the inactivation vari-
able: I(t)/h(s) (Keynes & Rojas, 1976; Oxford, 1981).
Though this method assumes that activation and inacti-
vation are independent, their kinetics were better de-
scribed using a coupled model (Armstrong & Bezanilla,
1977; Bezanilla & Armstrong, 1977). Moreover, the ac-
tivation kinetics obtained by the same method with in-
activation intact were compared with those obtained after
removal of inactivation with pronase (Oxford, 1981).
Results with and without pronase were similar, and
therefore provide a rationale for the calculation of the
A-current activation kinetics obtained by dividing the
current by h(f).

The activation kinetics in the potential range of —30
to +10 mV were satisfactorily approximated by the
Hodgkin-Huxley (HH) expression for a potassium cur-
rent as n* (Hodgkin & Huxley, 1952). But in a wider
potential range the quality of approximation became pro-
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Fig. 3. Tail current kinetics of the fast-inactivating current. Upper trace
shows an example of a recording of tail current. Depolarizing pulses (4
msec) to +20 mV with preceding hyperpolarizing pulses of 200 msec
duration to —150 mV were given to activate the channels, followed by
repolarization to different potentials. The bottom trace shows tail ki-
netic in external solution N3 at —80 mV. The smooth line represents the
computer-estimated values from scheme 1.

gressively worse. To solve this problem, we have de-
scribed the rising phase of the activation kinetics by an
exponential function of the type:

=1, — exp(-t/1,)), ¢))]

where 1, is the maximum current, and T, is the activation
time constant. In this case, the quality of approximation
was good over a wide potential range.

Following a depolarizing prepulse that activated
most of the channels, a step repolarization to a more
negative potential caused a current decay which is re-
ferred to as a tail current or a deactivation (Fig. 3). In
order to reduce the influence of inactivation on the ac-
curacy of determination of the deactivation time con-
stant, T, we used the current tails obtained in the poten-
tial range from —70 to ~100 mV. The deactivation ki-
netics in this potential range have been approximated
with single-exponential expression.

Values of 1, and T, determined as described above
are shown as a function of potential in Fig. 4. As can be
seen, there is a good agreement between values of T, and
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Fig. 4. Time constants of activation (filled symbols) and deactivation
(open symbols) of A-currents as a function of voltage. The data were
computed using a one-exponential fit to the rising phase of the activa-
tion kinetics, I(#)/h(f), and tail current kinetics. Squares and triangles
correspond to measurements of the fast-inactivating current kinetics in
the external solution N3 and N4, respectively. Diamonds are measure-
ments of the slow-inactivating current kinetics in the external solution
N3. Dots are calculated values using scheme 1 for each membrane
potential. The curves are drawn through the dots by hand. The exper-
imental data shown are close to the mean magnitudes of 7, and T,
Standard deviations did not exceed £15%.

T, of the fast- and slow-inactivating currents. The tem-
perature coefficient O, for T, and 7, was found to be 3.0
* 0.1 (four experiments).

The dependence of the channel conductance of both
the fast- and slow-inactivating currents on potential are
equally well described by a Boltzmann distribution:

GlGax = (1 + exp [(V,, — V)d])™! )

where G is the conductance in response to some depo-
larizing potential V and equal to I/(V — E,), G, is the
maximum conductance, V, is the value of the potential
when G/G,,,, = 0.5, d is the slope factor describing the
steepness of the activation curve, E, is the reversal po-
tential of the A-channels. The value of E, for both types
of current estimated from the instantaneous V-I relation
was —100 mV. For the eight studied cells, V, = -48 + 8§
mV, d =17 + 2 mV. Plots of G(V)/G,,,, are shown in
Fig. 5.

ErrecT oF DIVALENT TONS

An equimolar substitution of 2 mm Ca>* and 16 mm Mg**
(solution N3) for 16 mm Ca** and 2 mm Mg?* (solution
N4), resulted in an appreciable decrease in the amplitude
and the activation rate of the fast-inactivating current
(Fig. 6). The magnitudes of these changes depended on
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Fig. 5. Effect of divalent cations on the steady-state conductance curve
of I Filled and open circles are normalized conductances in the ex-
ternal solutions N3 and N4, respectively. The steady-state probabilities
of the channel being open were computed using Eq. 5 (continuous
lines). Increase in the calcium concentration from 2 to 16 mM causes a
positive shift of the normalized conductance curve by 21 mV.

the potential and were manifested primarily in the par-
allel positive shifts of curves t,(V) (Fig. 4) and G(V)/
Gpax (Fig. 5) by 22 £ 2 mV and by 21 £ 2 mV, respec-
tively. At the same time, deactivation kinetics were in-
sensitive to this replacement (Fig. 4). The effect of the
replacement of divalent ions on fast inactivation was
more complex (Alekseev & Zaykin, 1993). A part of the
YAV} curve on the left of the plateau and the steady-state
inactivation curve were shifted by 23 =4 and 21 £3 mV,
respectively, in the depolarizing direction. As can be
seen, the shifts of T,(V) and G(V)/G,,,, curves are within
the range of shifts of y(V) and steady-state inactivation
curves.

TEA BLOCKADE

Figure 7 shows the changes in the fast-inactivating cur-
rent affected by 20 mm external TEA. The external TEA
resulted in a decrease of the current amplitude by ap-
proximately 25% and a parallel shift of the steady-state
activation and inactivation curves by 10 £ 2 mV in the
depolarizing direction. The voltage dependencies of the
rate constants of activation and inactivation show a sim-
ilar shift. These changes, except for the shifts of the
voltage-dependent parameters of current, are similar to
those described earlier for the effect of external TEA on
the potassium channels (Choi et al., 1991).

During perfusion of a neuron with internal solution
containing 20 mm TEA, the amplitude of I,; at the mem-
brane potential of —20 mV decreased by half of its initial
value within approximately 40 min. At the same time
the inactivation rate decreased noticeably causing
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Fig. 6. Effect of divalent ions on I The currents were recorded in
solution N3 containing 2 mM Ca®" and 16 mM mg” (A) and in the
solution N4 containing 16 mm Ca®** and 2 mm Mg®* (B). The test
potential (in millivolts) is given on the right side of each trace. Super-
imposed on the data are the fits of scheme 6 to the kinetics.

“‘crossover’” of the current traces in the presence and
absence of TEA. A slow decrease in the current ampli-
tude and in the rate of inactivation are possibly due to
slow TEA diffusion towards the internal mouth of the
potassium channels. Figures 84 and 8C show current
records before and 20 min after the start of the intracel-
lular exposure with 20 mm TEA. The current traces re-
corded at different periods of TEA exposure cross over at
the same point. Unfortunately, these experiments do not
permit evaluation of the binding constant for TEA to
A-channels, as the intracellular concentration of TEA is
unknown during the various perfusion periods. How-
ever, this is not critical for modeling the TEA effect on
a channel as the kinetic schemes used do not include the
binding constants.

Achieving a balanced TEA concentration inside the
cell is basically possible during a prolonged perfusion.
This takes about 50—-60 min. But by this time there is a
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Fig. 7. The effect of 20 mm external TEA on the fast-inactivating
A-current. Superimposed traces show currents recorded in the absence
(traces 1) and presence (traces 2) of TEA in the external solution
(solutions N1 and N2, respectively) at various depolarizing test poten-
tials indicated. Test pulses were preceded by the conditioning hyper-
polarization of —150 mV for a duration of 200 msec.

drop in the potassium current in controls, and this could
lead to an inaccurate estimation of the current blockade
at exposures over 40 min.

The extent of channel blockade, as manifested in
reduced current amplitude, depended on the potential ex-
hibiting crossover of the current-voltage relations (Fig.
9). This effect results from the negative shift of the
steady-state activation curve (by approximately 10 * 3
mV after 20 min and 30 + 5 mV after 40 min TEA
exposures). Prolonged perfusion without TEA does not
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Fig. 8. The effect of 20 mM TEA on the fast-inactivating A-current atter 20 min intracellular exposure. Superimposed traces show currents recorded
in the internal control solution without TEA (traces 1) and in the preseuce of TEA (traces 2). Depolarizing test potentials of ~20 mV (4) and +20
mV (C) were preceded by the conditioning hyperpolarization of 150 mV for a duration of 200 msec. B,D: TEA blockade of I; at depolarizing

test potentials —20 mV (B) and 420 mV (D) as computed using scheme 6.

result in statistically significant shifts (5 mV) of this
curve. The dependence of the rate constants of the fast
phase of inactivation on the potential is shown in Fig. 10.
The fast phase of inactivation virtually loses sensitivity
towards the changes in the membrane potential in the
range over 0 mV. At the same time, the slow compo-
nents of inactivation are changed slightly.

The effect of intracellular TEA on the slow-
inactivating current is different from the TEA effect on
L. Within approximately the same period of perfusion
with an intracellular salution containing 20 mm TEA, the
decrease in the current amplitude was greater than in the
case with I, (Fig. 11). This means that the slow-
inactivating current displays a greater sensitivity towards
TEA than ;. Moreover, TEA blockade does not lead to
the crossover of the slow-inactivating current traces at
any of the studied potentials for current record lengths of
up to 1000 msec. The changes in the rate constants of
both inactivation components were small. Also, the cur-
rent decrease with time is nonuniform, which is also
different from the effect of external TEA (Choi et al.,
1991). The decrease of the current can be explained by
the drop in the ratio of the pre-exponential coefficients of

50 T T
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-
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0 L. ) 1
-~80 —40 Q A0
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Fig. 9. Peak current-voltage refation of I without TEA in the internal
solution (open circles) and after 20 min (open triangles) and 40 min
(filled squares) intracellular exposure with 20 mM TEA.



334

2001

1601

100

Rate constant, s~

560r

VvV, mv

Fig. 10. Voltage dependence of the rate constants of the fast phase of
inactivation (1/1) of I; before (1) and after 20 min (2) of intracellular
application of 20 mm TEA. The external medium contained 20 mm
TEA (solution N2).

the fast and slow phases from 2 in the control to 1 in the
presence of TEA. The external and internal TEA expo-
sures caused the shifts of the steady-state activation and
inactivation curves similar to those of I,;.

Discussion

KINETIC MODEL OF ACTIVATION

If the inactivation process is coupled to the activation
process it is difficult to derive true activation kinetics
from the macroscopic current records. To find the acti-
vation rate constants satisfying the experimental data we
performed the following calculations. First, we devel-
oped a kinetic model which describes the I(£)/k(¢) kinet-
ics considering that activation and inactivation processes
are independent. This model was used as a framework
for a development of a full kinetic model of the channel
including both activation and inactivation. Then, the cal-
culated rate constants were modified in order to corre-
spond the full model (Schemes 6,7) to rising phases and
amplitudes of the current.

For describing the activation kinetics we have used
a linear kinetic scheme equivalent to the HH n* model:

Scheme 1

where C;, C,, C; and C4 are the closed states of the
channel, O is the open state, a, are the forward rate
constants, and b,, are the backward rate constants. The
rate constants for such a model are usually assumed to
depend exponentially on membrane potential V and
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givenby a; =40, a, =30, a5 =20, a, =, b; =B, b, =
2B, b, =3B, b, =4P. o and B are defined in the expres-
sions:

o = 0gexp(4, V) and B = Boexp(-B,V) 3)

where 0, and B, are the rates at V=0 mV of o and j3,
respectively. A, and B, specify the voltage dependencies
of the rate constants o and . The time course of prob-
ability for a channel to be in an open state, P(¢), can be
found by solving the set of ordinary differential equa-
tions (Alekseev & Zaykin, 1993) describing this scheme.
Because the instantaneous current-voltage relation is lin-
ear over the voltage range of —60 to +30 mV the con-
ductance of a single A-channel, g, seems to be voltage
independent at these potentials. Hence, the macroscopic
current can be expressed as:

I(z) = Ng (V- E,) P(), 4

where N is the number of channels, and E, is the reversal
potential (Zagotta & Aldrich, 1990). The equilibrium
probability of residing in an open state, equal to G(V)/
Gaxe 18 given by the following equation:

4 4 -1
H@=Q+2{H@ﬂ%> ®)
U Ui

The theoretically obtained activation and deactiva-
tion kinetics were again approximated by corresponding
exponentials and the results were compared with the ex-
perimental data. The calculation was assumed to be sat-
isfactory if an acceptable fit was obtained to the three
activation parameters T,(V), TV) and G(V)/G,,,, and to
the I(#)/h(¢) and deactivation kinetics at different values
of V. Experiments with different concentrations of Ca®
and Mg®* imposed rigid limits on the choice of param-
eters of the kinetic scheme. Apparently, the fact that
these ions do not affect the deactivation kinetics means
that they have a small effect on the backward rate con-
stants, whereas their effect on the forward rate constants
is great. The use of the above-mentioned relationships
between a,, and o (b, and ) did not yield a satisfactory
fit of the model to the observed kinetics. But a modifi-
cation of the expressions for a; and a, led to reasonable
agreement between theory and all the results. To achieve
a good agreement between full model of the channel
(Schemes 6,7) and the kinetics it was enough to make
only small corrections of the pre-exponential coefficients
in expression for o and a;. The final values determined
for the rate constants satisfying the various conditions of
the experimental data are given in Table 2.

The fits of model to the deactivation kinetics and
rising phases of currents are illustrated in Figs. 3 and 6,
respectively. The function P(ee) is shown in Fig. 5.

The kinetic model of activation of Lymnaea A-cur-
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Fig. 11. The effect of 20 mm TEA on the slow-inactivating A-current after 20 min intracellular exposure. Superimposed traces show currents
recorded in the absence (traces 1) and presence (traces 2) of TEA in the internal solution at depolarizing test potentials of —20 (A) and +20 mV (C)
preceded by the conditioning hyperpolarization of 200 msec duration to —150 mV. The external solution contained 20 mM TEA (solution N2). B,D:
Modeling of the TEA blockade of I, at depolarizing test potentials of —20 mV (B) and 420 mV (D). The computer model used the kinetic

scheme 7.

Table 2. The rate constants of kinetic scheme 1 used for modeling the
activation kinetics under various experimental conditions

Parameter 2 mM Ca® 16 mm Ca®

a, 4o 40,

a, 3o 30

a, 20/0.95 20014

a /2.1 /7.7

b, p B

b, 28 26

b, 3B 3p

by 48 4B

o 1510 exp (0.025V) 1510 exp (0.025V)
B 10 exp (~0.027V) 10 exp (=0.027V)

2 External solution N3; *External solution N4.

rents is similar to the one offered by Zagotta and Aldrich
(1990) for Shaker A-type potassium channels in Dro-
sophila muscles except for the fast voltage-independent
transition introduced by the authors for describing the
bursting activity of the channel. As the rate constants of

this transition can not be calculated from the macro-
scopic current kinetics, we did not include it in our
model. It should be noted that the obtained results do not
agree with the HH model. As is shown in Table 2, this
is conditioned by a considerable deviation of the rate
constant of the last transition (0/2.1) from the one ex-
pected from the HH model (o). With increasing calcium
concentration in the outer solution, this deviation be-
comes more obvious.

The effect of divalent ions on the activation kinetics
and on the G(V)/G,,,, curve can be explained either by
the nonspecific screening of the fixed negative charge of
the membrane surface (Frankenhaeuser & Hodgkin,
1957; Hanin & Campbell, 1983; McLaughlin, Sabo, &
Eisenman, 1971) or by the specific binding of these cat-
ions to some negatively charged groups of the channel
protein or to electrically close phospholipids (Hille,
Woodhull, & Shapiro, 1975; Shoukimas, 1978; Gilly &
Armstrong, 1982a; Gilly & Armstrong, 19825; Mayer &
Sugiyama, 1988). According to the Grahame equation
(Grahame, 1947), the substitution of one solution (N3)
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for another one (N4) of equal total ion charge concen-
tration cannot cause a change in the membrane surface
potential due to nonspecific screening of the surface neg-
ative charge. Since the total concentration of mono- and
divalent ions was the same in both solutions, the shifts of
the G(V)/Gp,,, and T,(V) curves could be caused only by
a specific binding of divalent cations to negatively
charged groups related to the channel protein. As the
observed shifts have taken place with an increase of the
concentration of calcium rather than magnesium, it can
be concluded that specific binding of Ca®* to negatively
charged groups of the activation gate is the primary
cause for these effects.

It should be noted that the specific Ca®* binding to
negatively charged groups of the activation gating appa-
ratus does not influence the kinetics of deactivation. A
similar result was obtained earlier for sodium and potas-
sium channels of squid axons (Gilly & Armstrong,
1982a; Gilly & Armstrong, 1982b). Gilly and Arm-
strong (19824,b) have suggested that the negatively
charged element of the gating apparatus during activa-
tion moves from the resting position at the outer surface
to the activated position at the inner surface of the mem-
brane. Electrostatic attraction between gating charge and
calcium ions stabilizes the gating charge at its resting
position thereby decreasing the transition rate from the
closed state to the open state. In the activated position,
external calcium ions do not interact with gating charge
and do not influence the backward rate constants. Such
an interpretation of the calcium effect agrees with our
data as well. This is especially evident in the kinetic
model, where the effect of calcium is reproduced by
reducing the rate constants of only forward, and not
backward, transitions.

The effective valency of a gating particle controlling
the kinetics of A-currents can be calculated by the fol-
lowing equations (Mayer & Sugiyama, 1988; Zagotta &
Aldrich, 1990):

Z, = A,RTIF, and Z, = B RT/F (6)

where A, and B, are coefficients determined from equa-
tions 3, R is the universal gas constant, 7 is the absolute
temperature, F is the Faraday constant. For forward
transitions, Z, = 0.64, and for reverse ones, Z, = 0.69.
This corresponds to an equivalent charge movement of
1.33 electronic charges.

A comparative analysis of the activation parameters
of fast- and slow-inactivating currents shows that both
types of currents have equal kinetics and steady-state
activation parameters and are apparently activated by the
same mechanism. This provides support for assuming
that A-channels in Lymnaea neurons are identical in the
type of their activation gates, but differ in their inactiva-
tion mechanisms.
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KINETIC MODEL OF INACTIVATION OF [, ¢

Inactivation of I, in Lymnaea neurons in many instances
is similar to that of fast inactivating K" currents in other
cells and primarily to Shaker K* current (Alekseev &
Zaykin, 1993). Experiments with TEA provides further
confirmation of the similarity of the inactivation mech-
anisms of these types of channels. Like inactivation of
Shaker K channels (Choi et al., 1991), fast inactivation
of I is slowed down by internal rather than external
application of TEA. This effect can be explained by
competition between TEA and the inactivation particle
for binding to the same site on the internal mouth of the
channel, indicating that the fast inactivation process ap-
pears to be due to a ball-and-chain mechanism (Arm-
strong & Bezanilla, 1977; Bezanilla & Armstrong, 1977;
Hoshi et al., 1990; Zagotta et al., 1990; Hoshi et al.
1991). At the same time, TEA does not affect the rates
of slower phases of inactivation. It can be inferred that
the slower phases of inactivation do not involve ball-and-
chain type mechanisms. As many features of the slow
components are similar to C-type inactivation of Shaker
potassium channels (Hoshi et al., 1990; Zagotta et al.,
1990; Hoshi et al., 1991), it is reasonable to assume that
a C-type mechanism is also the basis for slow inactiva-
tion of I,;.

Previous studies showed that inactivation of I,; has
some specific differences which have not been revealed
in other types of K* channels (Alekseev, 1992; Alekseev
& Zaykin, 1993). It was found that the inactivation rate
of the macroscopic current rises steeply with depolariza-
tion, except within the potential range from —30 to 0 mV,
where the inactivation rate is maintained at a constant
level. The Y{V) curve exposes the pronounced plateau in
this range (see, e.g. Fig. 10). Calcium ions affect the fast
phase of inactivation only in the potential range from —70
to —20 mV producing a positive shift of a part of the y{V)
curve on the left of the plateau. Raising the pH causes a
negative shift of the right-hand branch of the v, (V) curve.
These effects can be described by using a model with at
least two distinct voltage-dependent pathways for fast
inactivation. Calcium and hydrogen ions are assumed to
selectively affect the voltage-dependent transitions re-
lated to these pathways of inactivation (Alekseev & Zay-
kin, 1993).

Recently, the multiple inactivation process in the
Shaker potassium channels was successfully described
by partially coupled kinetic schemes (Zagotta & Aldrich
1990, Hoshi et al., 1991). The kinetic properties of I
also allow us to model the gating of this channel on the
basis of kinetic schemes suggested by Hoshi et al. (1991)
and Zagotta and Aldrich (1990). We modified these
schemes so as to describe the complex voltage depen-
dence of fast inactivation. Three types of schemes are
able to reproduce a rate-limiting process of fast inacti-
vation occurring in the potential range of -30 to 0 mV:
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C «— 0 —= I, C «——= 0, 0,

1l 1l Il

1, I, I,

Scheme 2 Scheme 3

In these schemes C~———0 transitions represent the
set of activation transitions from the closed states to open
ones. All transitions to inactivated states, I; (i = 1, 2, 3),
except transition O~————1I, in scheme 2 are voltage in-
dependent. In schemes 2 and 3, transitions from an open
state to an inactivated one, /;, describe fast inactivation at
V < 0 mV. Two additional transitions from an open
state to I, are introduced for modeling fast inactivation at
V> 0 mV. In this case, the voltage dependence of fast
inactivation arises from the voltage-dependent transi-
tions O~—-—1I, in scheme 2 or O;—-—0, in scheme
3. Both schemes satisfactorily described the effects of
Ca*" and H" on fast inactivation of I (Alekseev & Zay-
kin, 1993). We tried to reproduce a crossover of the
current records caused by TEA blockage by introducing
in these schemes an additional transition from an open
state to a blocked one according to a competition model
(Beam, 1976; Yeh & Narahashi, 1977; Cahalan, 1978;
Neher & Steinbach, 1978; Cahalan & Almers, 1979;
Grissmer & Cahalan, 1989; Choi et al., 1991). The first
scheme did not adequately describe the changes caused
by TEA in potential dependence of the fast phase of
inactivation at V > 0 mV. Nor did the second scheme,
with two successive open states, show a good correlation
with the observed TEA effect on the current amplitude
throughout the potential range studied. These results
suggest that, first, transitions from open to inactivated
states seem to be voltage-independent and, second, a
channel has at least two independent open states. TEA
blocks a channel whether it is in an open state at V < 0
mV or in a different open state at V> 0 mV.

Scheme 4 entirely satisfies these requirements. In
this scheme, all three open states are independent and
provide three pathways for inactivation. The first path-
way describes fast inactivation at V =< -30 mV. The
second pathway is necessary for modeling the plateau in
the y{V) curve. The third pathway describes the poten-
tial dependence of the fast phase of inactivation in the
potential range greater than 0 mV. This scheme allows
us to model the TEA blockade in different potential
ranges independently introducing additional transitions
from open states to blocked ones.

For detailed calculations of the kinetic parameters of
inactivation and TEA blockade we used scheme 6 (see
Appendix). The agreement of the model with the inac-
tivation kinetics in control and in the presence of TEA is
illustrated in Fig. 1A and Fig. 8, respectively.
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Scheme 4

The transitions of the channel from closed states to
inactivated ones in scheme 6 are necessary for ade-
quately describing the kinetics in the range from —90 to
—60 mV. The rate constants of these transitions are equal
to those used for describing the slower phases of inacti-
vation. Hence, the model predicts that inactivation from
the closed states involves the molecular mechanisms
similar to those underlying slower inactivation. The
channel being in a closed state can undergo this type of
inactivation at early stages of activation. At the same
time, fast inactivation can occur only from the open state
of the channel which is in agreement with published data
(Armstrong & Bezarilla, 1977; Bezanilla & Armstrong,
1977; Hoshi et al., 1990; Zagotta et al., 1990; Hoshi et
al., 1991). These results are in line with suggestions of
the different mechanisms underlying fast and slow inac-
tivation of I, channels.

We tested the effect of Ca** on the inactivation ki-
netics in scheme 6 by replacement of the activation rate
constants calculated for solution N3 (Table 2) with those
obtained for solution N4. The effect of H" on the fast
phase of inactivation at V > 0 mV described earlier
(Alekseev & Zaykin, 1993) was tested by changing the
magnitudes of the rate constants d, and G, equivalent to
a corresponding voltage shift. The model accurately re-
produced both of these effects of calcium (Fig. 6) and H
(data not shown).

KiNetic MoDEL OF 1

When developing a kinetic scheme for the slow-in-
activating current, we took into account the following
features of this current. I, and I, are activated in a
similar way. The inactivation kinetics of I are similar
to the slow phases of inactivation kinetics of I, Pro-
ceeding from this, we modified scheme 6 by removing
the transitions responsible for the fast phase of inactiva-
tion and the whole third pathway responsible for fast
inactivation in the potential range from 0 mV. The ab-
solute magnitudes of the potential independent rate con-
stants (s™') satisfying the inactivation kinetics of I, are
shown in scheme 7. The potential dependent rate con-
stants are marked with letters corresponding to similar
rate constants given for scheme 6. Examples of fit of
current traces calculated numerically from scheme 7 to
current records are shown in Fig. 1B.
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The TEA effect was modeled by including new tran-
sitions from open states O; and O, into blocked states B,
and B,. The agreement with experimental data became
possible only upon the introduction of two additional
transitions similar to those for inactivation from a
blocked state into an inactivated one. Calculated cur-
rents demonstrating the TEA effect are shown in Fig.
11B,D. These results show that a purely competitive
model cannot be used to describe /,; blockade by TEA.
It means that inactivation of the I, channels does not
seem to involve a ball-and-chain mechanism and is most
likely to be similar to C-type inactivation of the Shaker
potassium channels. The stronger blocking effect of
TEA on I, channel in this case could be explained by the
absence of interference with an inactivation particle for
binding with the channel.

HereroMULTIMERIC CHANNEL HYPOTHESIS

Models for I, and I, channels formally developed on the
basis of the kinetic data could be interpreted in terms of
subunit composition of the channels. Recent studies
have demonstrated that potassium channels can be
formed by association of 4 identical (MacKinnon, 1991)
or different subunits within a single subfamily (Christie
et al., 1990; Isakoff, Jan, & Jan, 1990; Ruppersberg et al.,
1990; Sheng et al., 1993; Wang et al., 1993). Each sub-
unit contains an S4 segment, which can serve as a volt-
age sensor (Catterall, 1988; Jan & Jan, 1989). When
depolarizing pulses are applied, the sensors reach a per-
missive state through conformational transitions before
the channel can open. There are data supporting the fact
that individual voltage sensors gate cooperatively (Tyt-
gat & Hess, 1992). Activation schemes based upon in-
dependent gating of 4 identical subunits can adequately
describe the kinetic properties of Shaker potassium chan-
nels (Zagotta, Hoshi, & Aldrich, 1994). These schemes
include one open state indicating that a channel under-
goes several conformational transitions before reaching
the only conformation for open state.

The model developed in this paper for the I channel
predicts the presence of three pathways of potential de-
pendent conformational transitions of the channel to the
open state. The conformation of the channel in each of
these states is critical for inactivation. The transitions
responsible for the inactivation gating do not depend on
the potential. The potential dependence of the inactiva-
tion kinetics results entirely from the potential depen-
dence of the activation gate. The inactivation rates ac-
celerate as activation progresses. This is also confirmed
by the experimental result showing that the shift of the
normalized conductance curve produced by Ca®" is fol-
lowed by the same shift of a part of the Y{(V) curve on the
left of the plateau. The complex behavior of the inacti-
vation kinetics could be explained on the basis of a
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monomultimeric or a heteromultimeric assembly of the
channels. Two branches of the y(V) curve separated by
the plateau could be reproduced by at least two types of
monomultimeric channels provided that their normalized
conductances are shifted by about 30 mV (width of the
plateau) relative to each other. However, experimental
results have not revealed any such complex normalized
conductance curve. This gives reason to assume that
Lymnaea A-channels are probably arranged as hetero-
multimers, and not as monomultimers. In this case some
diversity in the individual electrical properties (charge,
dipole moment, etc.) of the different subunits could re-
sult in more complicated conformational changes of the
channel. We can assume that some of the subunits at
different membrane potentials selectively affect the di-
rection of the conformational changes of the channel to
open state according to their electrical properties.

We can offer several explanations for the difference
between the slow- and fast-inactivating channels. First,
the composition of subunits in the I, channel may be
different from that of I, channel. Second, the difference
in the mechanism of slow inactivation could be due to
differences in the structure of some parts of the channel
protein, such as in the NH,-terminus, preventing the
channel from inactivation by a ball-and-chain mecha-
nism. It is also possible that the lipid environment of the
channel, or of other natural components of the neuronal
membrane, may be capable of modifying the channel
gating. The physiological significance of slow-inac-
tivating potassium channels remains to be determined.
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Appendix

Scheme 4 was used as a basis for development of the detailed kinetic
scheme (Scheme 6) of the A-channels. We assumed that the rate con-
stants of transitions from the last closed states to open ones in all three
pathways are the same. The conductance of the channel in the open
states and the inactivation mechanisms involved are identical. Accord-
ing to Hoshi et al. (1991), the model describing three-exponential decay
of the current can be formalized by the following kinetic scheme:

C == 0y~ 1, —= I

Il Ml

Ly ==L ——= Iy,

Scheme 5

The fast phase of inactivation is described by the transition from
open to inactivated state, I;; and the two slow phases by transitions
from open state to successive inactivated states, I, and L. In Shaker
potassium channels slow inactivation is partially coupled with fast
inactivation. This kinetic feature may be general for the fast inactivat-
ing potassium channels also. Therefore, we introduced into the model
additional coupling inactivated states, similar to I,¢, and L.

The probability of the transition of the channel to the second or
third activation pathway is determined by the voltage-dependent rate
constants 8;, 6; and 8,, 6,. Good agreement between model and ex-
perimental data was obtained using the following magnitudes of these
rate constants (s71):

8, = 1000 exp(+0.025 V); 6; = 1000 exp(-0.025 V) and (A1)
8, = 2700 exp(+0.05 V); 0, = 8970 exp(-0.05 V). (A2)

The calculated magnitudes of the rate constants of inactivation are
shown in Fig. 12.
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Inactivation occurs more readily from the first open state, O}, in
the potential range from —90 to =30 mV, from the second open state,
0,, in the potential range from —30 to 0 mV, and from the third open state,
0,, at potentials over 0 mV. The rates of 8,, 0, and 8,, 0, at V=0 were
chosen arbitrarily so that the forward rates of 8, at V> —30 mV and 3, at
V>0 mV should exceed the rate of a,. The number of closed states (C;)
prior to the C; — C, or C; — C, transitions is not critical; the results will
be the same as long as the relative values of the forward rate constants for
the transitions to the negative-, mid-, and high-voltage range pathways
remain the same. The magnitudes of the backward rate constants of
inactivation transitions I,,-I;,, [;5—{4, etc., were less critical for cal-
culated results. We consider that the accurate determination of these
rate constants is possible only from single-channel recordings.

It should be noted that some transitions coupling slow inactiva-
tion with fast inactivation (I, g~Iyo~Ls, In1—Loo—I23~10s, I31—135—133—
Ls, I,-1,,-11¢) are not essential for fitting of the model to the inacti-
vation kinetics. We were able to reproduce all experimental results
with the same scheme without these particular transitions. However,
we decided to keep them in the kinetic scheme to depict more accu-
rately the underlying physical processes.

The intracellular TEA blockade of I,; was described by a com-
petition model. An acceptable agreement between the theoretical ki-
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netics and the experimental data (Fig. 8B,D) was reached by introduc-
ing transitions from two open states O, and Oj into blocked states B
and B,, respectively (Fig. 12). The activation rate constants used in
Scheme 6 were amended in order to correspond to the 10 mV negative
shift caused by TEA. Moreover, to achieve a reasonable fit of the
model to slow decaying phases of the current records, we included two
additional transitions from blocked state B, with the rate constants
close to those responsible for the slow phases of inactivation. Thus, the
model predicts that slow inactivation can take place from a blocked
state of the channel. TEA had a small effect on the rates of the slow
components of inactivation. It seems that TEA does not interact with
slow inactivation gating and, hence, TEA unblocking may be indepen-
dent on the slow inactivation process. In Fig. 12 we indicated this
possibility by transition Bl;; — I,¢. This model accurately describes
experimental results in the potential range from —30 to 0 mV without
introducing an additional transition from O, to blocked state B,, indi-
cating that the degree of block from the O, state is very small. As can
be seen, the ratio of the rate constants of forward and reverse transi-
tions, which is proportional to the binding constant for TEA, is distinct
for each of the three different blocked states. Hence, the channel con-
formation in the area of the intracellular receptor for TEA could differ
in states 0y, O, and O; as well.



